Transverse-modal behavior of a transverse junction stripe laser excited by a short electrical pulse by Lau, Kam Y. & Yariv, Amnon
Downloaded 24 May 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Kam Y. Lau and Amnon Yariv 
California Institute of Technology, Pasadena, California 91125 
(Received 4 August 1980; accepted for publication 29 October 1980) 
The transverse-modal behavior of a lateral injection gain-guided laser [the transverse junction 
strip (TJS) laser] excited by a short (70 ps) electrical pulse is investigated experimentally and 
theoretically. It is predicted theoretically and observed experimentally that the transverse mode 
strongly depends on the excitation pulse amplitude and the de bias current (which is set below 
threshold). This dependence is found to be due to transient lateral carrier diffusion at the lasing 
junction. 
PACS numbers: 42.80.Lt, 42.55.Px 
Among the many laser structures developed for optical 
communication, the transverse junction stripe (TJS) laser1-4 
has established itself as an outstanding candidate-low 
threshold, high reliability,5 flat frequency response6-all 
these are favorable factors for a signal transmitter. Since its 
inception, 1 significant improvement in performance was 
made possible by fabricating the laser on semi-insulating 
substrate, 2 and recently with MBE-grown layers3 and with a 
multiple active region having multiwavelength output.4 The 
transient response of this laser, contrary to theoretical pre-
dictions, shows little relaxation oscillations. It has been ex-
plained with an effective pump rate model, which accounts 
for both the junction capacitance and the lasing wavelength 
shift due to heating. The TJS laser has also proven itself 
capable of generating ultrashort optical pulses (13 ps) by di-
rect-current pulse modulation. 7 In this paper we present re-
sults on the transverse-mode behavior of TJS lasers under 
short (70 ps) intense electrical pulse excitation. It was experi-
mentally found that the transverse-mode profile depends on 
the excitation pulse amplitude and, to a lesser extent, on the 
bias level. The results are successfully explained by theoreti-
cal calculations that includes injected carrier diffusion8 
which significantly affects the gain-guided mode profile. 
These results are important in high data rate communication 
links using single-mode fibers, for the transverse-mode pat-
tern of the laser significantly affects the coupling between 
the laser and the fiber. 
A schematic diagram of a TJS laser is shown in Fig. 1. 
Confined by the heterostructure in the vertical direction, the 
carriers are injected across thep+n homojunction in the ac-
tive layer, thus creating an inverted population near the 
junction. It has been suggested that 1 the p + n homojunction 
actually consists of a p + pn junction in the parallel direction 
which provides a builtin index guide, due to a lower refrac-
tive index in the highly doped p + and n region. The carrier 
concentrations in thep+ ,p, and n regions are typically 1020, 
1019, and 2 X 1018 em - 3 , respectively. Recenttheoretical and 
experimental data by Ueno eta/. 14 show that with these car-
rier concentrations, index guiding should not be a dominant 
mechanism. It seems more likely that guiding is provided 
mainly by the injected holes in then region. Our experimen-
tal observation that the optical mode actually shifts with 
injected current density tends to confirm our assumption. 
The carrier density distribution p(x) in the steady state 
takes the form of an exponential extending into the n region: 
Po(x) = (-r/D)II2Joe-xi(Drill2, (1) 
where x is the distance measured from the junction into then 
side, r is the recombination lifetime of the carriers, D is the 
diffusion coefficient, and / 0 is the injection current density. 
The optical mode guided by a gain distribution given by ( 1) 
was found to be a Bessel function of complex order and argu-
ment.9 The boundary conditions were that the optical field 
vanishes at x = 0 and x = oo. We will use this same bound-
ary condition in solving the transient problem under an in-
jected current pulse. 
We shall calculate the time evolution of the optical-
mode gain after the injection of an intense narrow current 
pulse. We assume that the laser is biased way below thresh-
old so that very few photons exist in the cavity. When the 
current pulse is injected across the junction, the carriers ini-
tially accumulate at the junction and do not support a mode 
with positive gain. Only after the carriers diffuse to a certain 
width will the mode experience net gain, and an optical pulse 
follows. The transverse-mode structure of this optical pulse 
clearly depends on the amplitude and width of the carrier 
profile at the moment that the mode gain shoots above 
threshold. Before this moment, we can neglect the optical 
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FIG. 1. Schematic diagram of the cross section of a TJS laser. 
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field and treat the conventional carrier diffusion problem in 
a straightforward manner. 
The transient carrier density distribution satisfies the 
following field-free diffusion equation: 
ap = D a2p _I!_ 
at ax2 1'' (2) 
where the various variables are defined as before. Suppose 
that the laser is biased by a de current and we assume at 
t = 0, a 8-function current pulse of total charge Q is injected 
across the junction: 
ap D -Jx = 0 = J0 + u8(t ), ax (3) 
where u = Q /wl, w is the thickness of the active layer, and I 
is the length of the laser. We assume that before t = 0, the 
system is in equilibrium, i.e.,p(x,t = 0) = p0(x) as given by 
that in ( 1 ). The carrier distribution after t = 0 is obtained by 
solving (2) subject to condition (3), resulting in 
0' -tiT -x1/d 1 
p(x,t> 0) = (1r')12d (t) ' + p0(x), (4) 
where the time-dependent width of the Gaussian d (t) = 
2(Dt )112. In using (3) as an initial condition, we have as-
sumed that the source impedance of the drive circuit is infi-
nite, i.e., a current source drive. The exact solution in the 
case of a finite source impedance is highly nonlinear11 and 
complex. However, it is evident from an equivalent circuit of 
the laser diode6·12 that the above assumption holds for cases 
where the source impedance is large compared with the di-
ode shunt resistance. This condition, to a fair extent, applies 
to the actual situation in which the source impedance is 50£1 
and the diode shunt resistance is less than 5 £1. 
We will next apply the solutionp(x,t) of(4) to obtain the 
transient solution of the electromagnetic laser mode. Since 
(Dt )112=2,um forD= 20 cm2/sec and r = 2 ns, we can ap-
proximate p0(x) = p0 (0) = J0(1'! D) 112 for the region within 1 
or 2 ,um of the junction. Furthermore, we assume that this 
carrier profile in (4) produces a gain proportional to the car-
rier concentration p. The relative permittivity of the medium 
can thus be written as 
E(x) = E, + iG [p(x,t) -Po], (5) 
where p0 is the carrier density for transparency, G is the 
coefficient as defined in (5), which is directly related to the 
gain coefficient of the laser mode in a straightforward man-
ner, and E, is the square of the refractive index. With the 
Gaussian profile in (4) we have 
E(x)=E,+i(Ae-x'ld'-B+C), (6) 
where A= Gu/[(1T) 112d (t )]e- rh, B = GP0 , 
C = GJ0(r!D )112. AfterexpandingtheGaussianinpowerse-
ries and keeping the first two terms only, the one-dimension-
al scalar wave equation with the above permittivity profile 
reads 
d 2E (ai . . . 2 iAx2ai) 
-- + -=:;-{E, + iA- tB + tC)- {3 --2- 2- E = 0, (7) b 2 2 de 
where f3 is the propagation constant of the mode. This is 
analogous to the harmonic oscillator, but with an imaginary 
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quadratic potential instead of a real one. 10 The mode profile, 
with the boundary conditions JE J = 0 at x = 0 and x = oo, 
are therefore the odd parity Hermite-Gaussians 
Em (x) = Hm (ax)e- "'a'x', (8) 
where a= [iw 2A /(c2d 2)] 114, and with the "energy levels" 
2 
;.-(E, + iA- iB + iC)- {3~ =(2m+ 1)i_~m14• 
c d c 
(9) 
We are only interested in the lowest-order modem= 1 
which is closest to the junction where the quadratic approxi-
mation is valid. The maxima of this mode occurs at 
xm =(~ )1/2d3/4(A2d}l4. (10) 
Equation (9) gives the propagation constant f3 of the 
mode, and its imaginary part f3; gives the mode gain: 
(3."'-1-[ 217' (A- B C)- 2_(i_)1/2]· 
I 2(€,)1/2 A + d 2 (11) 
The product of the width d and the amplitude A of the Gaus-
sian gain profile is, from Eq. (4), 
Ad=(Gu/V1T)e-' 1', (12) 
so that the mode gain, as a function of time, is 
1 (21T(Gu/V1T)e-'~r 
{3; = 2(E,) 112 U (Dt )112 
3(Gu!V1T) 112e-' 12r 217' ) 
- -~B-C) 
4(Dt )314 A. . (13) 
The first two terms are due to the 8-function current pulse, B 
is due to intrinsic loss, and Cis the contribution from the bias 
current. The threshold value of f3; for lasing is ( 1/1) lnR, 
where I is the length of the laser, and R is the amplitude 
reflectivity. 
We have assumed for convenience in the above calcula-
tions that the current pulse is a 8 function. In actual experi-
ments, the current pulse is of both finite width and ampli-
tude. In the following numerical calculations, we shall 
therefore describe the strength of the 8 function by an equiv-
alent current amplitude such that a current pulse of this cur-
rent amplitude and of 70 ps duration (the actual value in our 
experiments) contains the same amount of charge as in the 8-
function pulse. The other parameters we used are r = 2 ns, 
G = 6.9 X 10-8 ,um\ as calculated from Stern's results, 13 
and that the thickness of the active layer is 0.2 ,urn and the 
cavity length is 250 ,urn. The carrier density for transparency 
is taken to be 2.6X 1018 cm- 3• Figure 2(a) shows a plot of 
f3; =f3i- [1r/(Er) 112A. ](B- C), i.e., the contribution to 
mode gain due to the current pulse, for various injection 
pulse strength. We notice thatf3; diverges to oo as t-D ac-
cording to Eq. ( 13). This is nonphysical and results from the 
quadratic approximation: at t = 0, the carrier distribution is 
a 8 function at the junction, so that in the quadratic approxi-
mation it becomes - oo everywhere except at x = 0. An 
exact numerical solution of the wave equation with the 
Gaussian profile shows that f3; actually converges to zero at 
t-D as shown in Fig. 2(a). This, as mentioned before, results 
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FIG. 2. Plots of mode gain vs (a) time after a current pulse is injected and (b) 
width of the diffused hole profile in the N side of the junction, for various 
pump current amplitude. /3 :h is the minimum mode gain for lasing when no 
de bias is applied. 
from the fact that a IS-function gain profile does not support a 
mode with gain. The minimum value of /3; for lasing to oc-
cur is 
/3;= 1T112 (B-C)+_!_llnR V(E,) A. I 
1T GP + _!_loR - GJo1T (.!_) 112 
(E,)l/2A_ 0 I (E,)li2A_ D ' 
where J0 is the de bias current. The cw threshold current 
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FIG. 3. Plots of positions of the peak of the optical mode at lasing threshold 
vs de bias level, for various pump current pulse amplitudes. 
calculated with the above parameters is about 30 rnA. From 
Fig. 2(a) we see that the time delay for the mode gain to go 
above threshold is less for pump pulse of higher amplitude. 
Since the carrier diffusion distanced and time tare related by 
d = 2(Dt ), we can plot/3; as a function of d, as shown in Fig. 
2(b). This plot shows that for a given bias level, at the time 
lasing occurs, d would be smaller for higher pulse current. 
The peak of the actual optical mode when lasing first occurs 
is at a position x m related to d as in ( 1 0). Figure 3 shows a plot 
of xm for different bias levels and various pulse current 
amplitudes. 
The dependence of the transverse-mode position on the 
pulse current amplitude predicted above has been observed 
experimentally. Figure 4 shows' a schematic diagram of the 
experiment. The laser used was a TJS laser on a semi-insulat-
ing substrate with a cw threshold of about 30 rnA. The laser 
was biased with a de current below threshold, ranging 5-15 
rnA. It was driven with a step-recovery diode (SRD) which 
generates 70-ps pulses, of variable amplitude and repetitive 
at low frequency (250 or 100 MHz). The near field was 
imaged with a 40 X, 0. 85 NA microscope objective and the 
FIG. 4. Schematic diagram of the experimental arrangement for measuring 
the transient transverse-mode pattern. 
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time resolved nearfield pattern was measured with a 12-,um 
slit at the image plane, at a distance of 12 em from the lens 
(Fig. 4); the output was detected with a fast rise (100 ps) 
Avalanche Photodiode (APD) followed by an amplifier, and 
displaced on a sampling scope. The peak voltage of the pulse 
output from the step recovery diode is variable between ap-
proximately 6 and 15 V (into 50 fl ), which corresponds to 
peak currents between 200 and 450 rnA through the laser. 
The laser responses to the current pulse with a single sharp 
optical pulse, the width of which is very possibly below 100 
ps-the rise time of the APD used. The transverse-mode 
structure of this optical pulse is measured by scanning the 
12-,um slit along the image plane. It is possible that the trans-
verse-mode structure changes within an optical pulse, but 
cannot possibly be resolved with the APD. 
Figure 5 shows the transverse-mode structure of the 
optical pulses under different excitation levels. As the peak 
current of the exciting pulse is increased, the mode shifts 
closer to the junction. Compared with the mode structure 
when the laser is operated cw above threshold, the pulsed 
mode shows a second "bump," which is possibly the second-
order transverse mode. The measurements at different pulse 
amplitudes are made at different bias levels, for the laser 
diode cannot be pulsed too high above threshold without 
destruction. The amount of mode shift measured are in good 
agreement with theoretical predictions in Fig. 3. 
The mode structure of the cw operated laser, contrary 
to what is expected from theory, does not shift significantly 
with bias current. This is probably owing to spatial hole 
burning. At higher bias level, the mode in principle should 
narrow down and shift toward the junction. Spatial hole 
burning would, however, counter the above effect and result 
in a broader mode width than expected. This does not occur 
in the case of short pulse excitation, because when the pho-
ton depletes the gain, the optical pulse is already over. The 
observed mode shift under pulse excitation, as shown in Fig. 
5, just reflects this mechanism. 
At a certain fixed bias level, the pump current pulse has 
to exceed a certain amplitude before an optical pulse is pro-
lf-Lm 
into N Side 
FIG. 5. Measured transverse-mode profile with bias and peak pulse current 
respectively equal to (a) 12 rnA, 430 rnA, (b) 15.5 rnA, 350 rnA, (c) 20 rnA, 
205 rnA. For comparision, the mode profile under cw operation is also 
shown. 
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l into N side of junction 
FIG. 6. Output pulses (negative going) from a TJS laser taken at four differ-
ent positions of the transverse mode, successively going into theN side. The 
laser is excited with two consecutive current pulses, 1.4 ns apart and repet-
itive at 250 MHz. 
duced. At this threshold, the optical pulse has a significant 
delay, approximately 150--200 ps. When the current pulse 
amplitude is increased, the delay rapidly shortens and be-
comes undiscernible. This is also in rough accordance to the 
calculations of Fig. 2(a). Delays ofless than 100 ps, as shown 
in the figure, cannot possibly be detected by the 100-ps rise-
time APD. Moreover, since the current pulse itself is of a 
finite width of70 ps, the difference in delay of various pump 
pulse amplitude might be even smaller than that shown in 
Fig. 2(a). The transverse-mode position, on the other hand, 
shows much larger variations than the time delay. 
This pump dependence of the transverse-mode struc-
ture is strongly manifested when the TJS laser is pulsed by 
two closely spaced electrical pulses of different amplitude. In 
our experiment, the second pump pulse is actually due to 
electrical reflection. The impedance of the laser constitutes a 
4 
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FIG. 7. Transverse-mode profiles of the first and second pulse of Fig. 6. 
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large mismatch to the 50-fl line, and consequently there is a 
reflected electrical pulse, of about one-half the amplitude of 
the original pulse and of opposite polarity, propagating from 
the TJS back to the SRD. The SRD, looking from the out-
put, is a perfect short which then reflects the reflected pulse 
and inverts its polarity. The separation between these two 
pump pulses in our experiments is about 1.3 ns, which is 
comparable to the spontaneous lifetime of the carriers. Even 
though the second electrical pulse is weaker than the first, 
the second optical pulse can be equal or even larger than the 
first one because of charge left over-the pattern effect as 
shown in Fig. 6. The transverse-mode structure of the two 
successive optical pulses are distinctively different. As seen 
from the picture, the relative amplitude of the two optical 
pulses are different when scanned across the transverse-
mode profile, which is a clear indication that the mode struc-
ture of these two successive pulses are different. Figure 7 
shows the transverse-mode pattern of the two pulses. We 
have performed similar experiments with several other kinds 
of lasers including proton stripe and CSP lasers, but did not 
observe the effects described above. Thus it can be concluded 
that the results are specific to lasers with such a time-depen-
dent gain-induced guiding as the TJS. 
Finally, we speculate that the guiding mechanism of the 
TJS laser is responsible for its ability in generating ultrashort 
pulses under current modulation. Since the mode is primar-
ily gain guided, the mode loss (or gain) depends crucially on 
whether the gain profile exists. Because of the short stimulat-
ed lifetime, the optical pulses can evolve extremely rapidly 
(within 10--20 ps) once it breaks above threshold. However, 
as soon as the optical pulse emerges, the gain is immediately 
depleted and the guiding no longer exists, resulting in extra-
645 J. Appl. Phys., Vol. 52, No.2, February 1981 
high mode loss and the optical pulse self-terminates within a 
few cavity lifetimes. Experimental verification of the above 
proposition, however, would be very difficult since it calls 
for measuring the transverse-mode pattern on a ps time 
scale. 
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